ABSTRACT Individually caged male Cobb broilers (24), 44 d of age, were used to evaluate effects of heat stress (1 d of data collection) and dietary electrolyte balance (DEB; Na + K − Cl, mEq/kg from 1 d of age). During summer rearing, mortality was variable, but DEB 240 improved growth, feed conversion ratio, water intake, and water:feed ratio vs. DEB 0. The temperature sequence for heat stress was 24 to 32°C in 30 min, 32 to 36°C in 30 min, 36 to 37°C in 15 min, and 37 to 41°C in 45 min. Maximum temperature was held for 15, 60, 90, or 360 min for data collection (relative humidity averaged 42 ± 7%). Results from the same room before and after heat stress were analyzed by DEB (1-factor ANOVA) and be-
INTRODUCTION
Ambient temperature and diet can influence the acidbase balance in poultry. However, birds are equipped to regulate body fluid pH during metabolism. Most final metabolites are acids, and unless regulated, these can accumulate in the body and alter acid-base balance from its normal status. Acids can be removed from the body by the kidneys and lungs. Excess acids in the blood (H   +   ) can combine with bicarbonate ions (HCO 3 − ) to form H 2 CO 3 (carbonic acid), which is converted into CO 2 and H 2 O by the action of carbonic anhydrase. The CO 2 resulting from this reaction is removed by the lungs, and the H + íons are excreted by the kidneys with the HCO 3 − retained to maintain the acid-base ratio. Therefore, to maintain the acid-base balance, birds have to regulate acid uptake and excretion (Ruiz-Lopez and Austic, 1993) .
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fore vs. after heat stress compared across DEB (2-sample t-test). Heat stress decreased blood Na, K, and pCO 2 , and lymphocytes but increased heterophils. Blood HCO 3 rose, Cl declined, and hematocrit gave a concave pattern (lowest at DEB 120) as DEB increased. After heat stress, DEB 0 decreased blood Na and K, and DEB 0 and 120 levels decreased blood HCO 3 . After heat stress blood pCO 2 and hemoglobin decreased with DEB 240, but it had highest pCO 2 , a key factor. The DEB 120 gave longest times to panting and prostration with DEB 0 and 240 results lower but similar statistically. In heat stress, DEB 360 was excessive, DEB 120 and 240 were favorable, and DEB 0 was intermediate based on hematology, panting, and prostration responses.
Alkalosis is a pathologic condition resulting from accumulation of base by uptake, or loss of acid from the body by excretion, and is characterized by a decrease in hydrogen ion (H + ) concentration or increase in pH. Respiratory alkalosis is a state due to excess loss of CO 2 from the body. Metabolic alkalosis is a disturbance in which the acid-base status of the body shifts toward the alkaline side because of changes in the fixed (nonvolatile) acids and bases (Dorland, 1965) .
When there is either an excess or deficiency of acid or base in the body, excess bases (BEecf; base excess in extracellular fluids) or alkaline reserves are adjusted. According to Mongin (1981) , the minerals most essential to acid-base balance are Na, K, and Cl. These are sometimes referred to as "strong ions." In terms of acid-base balance, the uptake of Na and K from the diet can minimize excess bases making BEecf approach zero. When the intake and excretion of other minerals is assumed constant, the sum of the acid-base altering effect of Na + K − Cl intake equals the difference in excreted cations and anions plus the production of endogenous acid (endogenous H + ), plus (Deyhim et al., 1990; Belay and Teeter, 1993; Ait-Boulahsen et al., 1995; Borges, 1997) due to heat stress, probably as a result of hemodilution following increased water consumption; however, differences in the duration of heat stress at the time of sampling may indicate no change, a rise, or a fall in plasma K + and Na + levels. Kolb (1984) observed that blood glucose concentration is directly responsive to an increase in glucocorticoids during stress.
Blood heterophils are granulated leukocytes formed from myelocytes in the bone marrow. They are phagocytic cells designed to defend the organism against infections by bacteria, viruses, or foreign particles. They are present in abundance at infection sites to which they are attracted by chemotactic compounds from injured cells. Lymphocytes are nongranulated leukocytes formed in lymphoid tissues. They play an important physiological role in immunity, particularly for the production of antibodies. One of the physiological responses of exposure to stress is the release of glucocorticoids, causing dissolution of lymphocytes in lymphoid tissues and leading to lymphopenia. However, there is an increase in heterophil release by the bone marrow, thus increasing their number in circulation, but their phagocytic and bactericidal activities are decreased (Swenson and Reece, 1996; Berne and Levy, 1998) . In a review, Zulkifli and Siegel (1995) indicated that stress can reduce the number of circulating lymphocytes and increase the number of heterophils in chickens, and Borges (1997) confirmed this effect in broiler chickens under heat stress.
According to Mongin (1981) , broiler chickens have an optimal dietary electrolyte balance (DEB; total Na + K − Cl, mEq/kg) of around 250 mEq/kg. However, the optimal DEB for growing broilers may vary with ambient temperature, with DEB being 250 mEg/kg for moderate temperatures (18 to 26°C) and 350 mEq/kg for high temperatures (25 to 35°C), according to Fixter et al. (1987) . It has been clearly shown that broiler chicken death losses caused by heat stress can be prevented or reduced by adding electrolyte supplements to diets (Borges, 1997) . The goal of this study was to assess the effects of DEB and acute heat stress on the body temperature, respiration rate, acid-base balance, and hematology of broiler chickens near market age.
MATERIALS AND METHODS
Corn and soybean meal-based feeds were formulated according to the requirements suggested by the National Research Council (1994) . To isolate the effect of electrolyte balance, feeds contained the same amounts of corn, soybean meal, oil, phosphate, limestone, and vitamin-trace mineral supplement (Table 1) . Electrolyte supplements added to obtain the different DEB ratios were NaCl, NaHCO 3 , NH 4 Cl, and KHCO 3 (for the highest DEB level).
Dietary treatments were defined by the following electrolyte ratios (Na + K − Cl, mEq/kg): 0, 120, 240, or 360. The DEB levels were determined by multiplying the calculated percentage of Na by a convenient factor of 434.98, the percentage of K by 255.74, and the percentage Cl by 282.06 to carry out the summation procedure of Na + K − Cl (in mEq/kg) as suggested by Hooge (1995a) . The broiler chickens received diets with a particular DEB according to treatment group from the first day after hatching.
Appropriate ingredients were analyzed for protein, Ca, phosphorus, and electrolytes (Na, K, and Cl), and feeds were formulated based on these values. Then feeds were analyzed to validate actual vs. expected levels of these nutrients. Corn (Na 0.02, Cl 0.04%) had a K level of 0.26% (close to 0.30% in NRC, 1994), but, surprisingly, Brazilian soybean meal (Na 0.09, Cl 0.05%) had a K level of 1.05%, which was much lower than the NRC (1994) value of 1.98%. The lower K content appeared to be a unique characteristic of Brazilian soybean meal.
The trial was conducted in a temperature-controlled room using 24 male, Cobb, 44-d-old broilers in individual wire cages (0.59 × 0.58 × 0.48 m), equipped with linear feeders and waterers. Birds underwent an adaptation time of 48 h at a thermoneutral temperature of 24 ± 1°C with 52 ± 17% humidity (42 to 44 d of age). The room was equipped with air conditioner, heaters with thermostats, and air circulators to enable the desired temperature and relative air humidities to be maintained. The temperature was recorded at 15-min intervals with a dry bulb thermometer. Relative humidity was measured with a thermohygrograph and a wet bulb thermometer and was maintained at 42 ± 7%.
The following scheme was used for acute heat stress exposure. Temperature was increased from 24 to 32°C in 30 min, 32 to 36°C in 30 min, 36 to 37°C in 15 min, and 37 to 41°C in 45 min, and final temperature was maintained for 15, 60, 90, or 360 min, respectively. Total heating time for all measurements was 10 h and 45 min. Birds had access to water and feed at all times during heat stress.
Change in BW was determined by the difference between weights at the beginning and end of heat stress. Feed intake was measured as the difference between feed supplied and remaining feed in each feeder. Feed was weighed at the same time birds were weighed. Water consumption was calculated as the difference between the amount of water supplied and the remaining water in the period, divided by the number of birds.
Venous blood samples (3 mL) were collected initially and at the end of the experimental period by brachial vein puncture; a sterilized syringe was used. Blood samples were identified with labels and fractioned: 1 mL was used directly for blood gas and electrolyte analyses, and 2 mL was placed into a container with anticoagulant (EDTA) and sent for heterophil and lymphocyte counts. The venous blood Na, K, Cl, hematocrit, hemoglobin, glucose, pCO 2 , pH, and BEecf analyses were made immediately after blood sample collection by means of an i- STAT Portable Clinical Analyzer 4 with modern microfluidic and biosensor chip diagnostic technology. Each heterophil and lymphocyte differential count of 100 (combined total) of these cells was made by optical microscopy, with an immersion objective, using a Rosenfeldstained blood smear. Results for heterophils and lymphocytes were expressed in percentages. Blood bicarbonate was calculated from pCO 2 as follows: log HCO 3 = pH + log pCO 2 . The BEcef was calculated as follows: HCO 3 − 24.8 + 16.2 (pH − 7.4) (i-STAT, 1997).
Rectal temperature was monitored before and after stress by rectal probe MT-520.
5 Time to panting (24 to 41°C) was the time from beginning of heating at 24°C to the time birds began to pant constantly. Time to prostration (24 to 41°C) was the phase from beginning of heating at 24°C to prostration. Heat prostration was considered to have occurred when the birds could no longer stand. Time to prostration (37 to 41°C) was the interval from heating at 37°C to prostration or being unable to stand (Ait-Boulahsen et al., 1995) . Data from before and after heat stress were analyzed separately for the 4 DEB treatments using completely randomized designs (1-way ANOVA, Statistix 8, 2003), with mean separation by Tukey's test (P < 0.05). There were 6 replicate cages per treatment and 1 bird per experimental unit. Before and after heat stress results were compared with a 2-sample t-test by DEB levels and overall DEB levels (Statistix 8, 2003) . Results approaching significance (P > 0.05 but < 0.10) were mentioned in a footnote of each table of blood assay measurements.
There was no Animal Care Committee in existence at the time of this experiment, but the research was conducted by a doctoral student at university facilities under auspices of a graduate student advisory committee.
RESULTS AND DISCUSSION
The live performance results obtained at 21 and 42 d of age in the pretest period are presented in Table 2 (adapted from Borges et al., 2003) . Coefficients of variation are given along with those results. The control diets containing only salt as the electrolyte supplement had DEB values of 145 and 130 for starter and grower feeds, respectively. Their formulas are not given in this report (which emphasizes results obtained at 44 d of age) but can be found in a report by Borges et al. (2003) . The DEB 240 mEq/kg treatment (diets formulated with NaCl, NaHCO 3 , and NH 4 Cl) gave the most favorable results during the 0-to 42-d rearing phase with improved BW, feed conversion ratio, water intake, and water:feed ratio (Table 2 ). Rearing mortality was variable but not significantly affected by DEB treatments.
There was an average 40-g reduction in BW during acute heat stress. As shown in Table 3 , exposure to acute stress decreased blood concentrations of Na and K for the DEB 0 treatment and for DEB treatments overall. Other Means within a row (lowercase superscripts) or column (uppercase superscripts) and without a common superscript differ by Tukey's test (P < 0.05).
1
There were 24 observations per environmental mean and 6 observations per DEB mean.
2
In the DEB 120 column, level of significance level for K (mmol/L), before HS vs. after HS was P = 0.096. Under the DEB 360 heading, the probability level for K (mmol/L), before HS vs. after HS was P = 0.059.
researchers have also reported a reduction in plasma levels of Na and K as a consequence of heat stress (Deyhim et al., 1990; Belay and Teeter, 1993; Ait-Boulahsen et al., 1995; Borges, 1997) . Apparently, the time at which blood samples are taken during the sequence of events related to heat stress to some extent determines the outcome of the K analysis. During acute heat stress, as the body temperature rises hemodilution occurs, which causes a lowering of Na concentration, and some of the tissue K exits into the bloodstream apparently due to altered membrane permeability. When this K translocation phenomenon abates during or after acute heat stress, or due to Means within a row (lowercase superscripts) or a column (uppercase superscripts) and without a common superscript differ by Tukey's test (P < 0.05) except pCO 2 under DEB 360 (P = 0.053).
1
There were 24 observations per environmental mean and 6 observations per DEB mean. Before HS vs. after HS levels of significance were glucose (mg/dL), P = 0.090; and hemoglobin (g/dL), P = 0.057. The DEB 0 level of glucose (mg/dL), before HS and after HS comparison had P = 0.085. Under the DEB 240 heading, before HS vs. after HS had probablility level for hematocrit (%), P = 0.070 and for hemoglobin (g/dL), P = 0.052. In the DEB 360 column, probability level for before HS vs. after HS for glucose (mg/dL) was 0.064. adaptation to chronic heat stress, and excess K is excreted (+633% K excretion in 5-to 8-wk-old broilers; Smith and Teeter, 1987) , plasma K concentrations return to normal or below. Hooge (1995b) described broiler serum K concentration as normally 5 mEq/L, increasing to 6.0 to 6.5 mEq/L during heat stress, and decreasing to 3.5 mEq/L during chronic heat stress.
Blood Cl increased in the DEB 120 treatment and HCO 3 decreased in the DEB 0 and 120 treatments after heat stress compared with values prior to heat stress (Table  3) . It is thought that due to heat stress and the resulting respiratory alkalosis (higher blood pH), more Cl is needed in body fluids to exert an acidic action to normalize blood pH, but this unfortunately further reduces blood HCO 3 − concentration (Ruiz-Lopez and Austic, 1993) . A shift of Cl − out of red blood cells and into plasma also occurs. Heat stress reduced blood pCO 2 in the DEB 240 treatment and overall (Table 4) ; however, DEB 240 had the highest blood pCO 2 levels before and after exposure to heat stress. During heat stress, maintaining an adequate blood pCO 2 level is essential because the panting process is continually removing CO 2 via the respiratory system as birds attempt to keep cool by evaporation of moisture from the lungs.
Blood glucose concentration (Table 4) is directly responsive to an increase in glucocorticoids (Kolb, 1984) , which can result from various stressors including heat stress. Glucocorticoids have primary effects on metabolism, stimulating gluconeogenesis from muscle tissue proteins, lymphoid, and connective tissue. However, no significant effects of DEB level on blood glucose were found in association with heat stress in this trial although glucose levels from DEB 0 and 360 were approaching statistical significance.
The heat distress caused a reduction in hematocrit and hemoglobin (Table 4) , apparently associated with hemodilution, an adaptive response enabling water loss by evaporation without compromising plasma volume with most of the evaporative water loss coming from the extracellular compartment (Darre and Harrison, 1987) . The hematocrit values of 22.2% before heat stress and 20.2% after heat stress, determined using an i-STAT analyzer, were considerably lower for these Cobb males at 44 d than the 33.5 and 31.9% reported by Luger et al. (2001) for 42-d-old Cobb males in 2 trials (cool temperatures and pelleted feeds) and determined by colorimetric analysis with a Sigma 525 diagnostic kit. Similarly, Luger et al. (2001) observed higher hemoglobin values of 10.9 and 11.3 g/dL in their 2 trials than reported in Table 4 (values of 7.71 g/dL before heat stress and 6.82 g/dL after heat stress) herein.
Heat stress altered the proportion of heterophils (increased) to lymphocytes (decreased) in blood (Table 5) . There was also a significant increase in heterophil to lymphocyte ratio in the DEB 120 treated birds after heat stress compared with their initial values.
Physiological responses can be assessed by recording panting and body temperature as well as hematological variables. When birds in this trial were challenged by heat stress, their body temperatures increased (Figure 1) , Means within a column and without a common superscript differ by Tukey's test (P < 0.05).
There were 24 observations per environmental mean and 6 observations per DEB mean. Heterophil and lymphocyte proportional counts were for 100 cells (combined total) expressed as a percentage. The levels of significance for DEB treatment comparisons before HS were: for heterophils (%), P = 0.061; for lymphocytes, P = 0.061; and for H/L ratio, P = 0.094. Level of significance for DEB overall treatment means for heterophils (%) was P = 0.075. Under the DEB 120 heading, probability level for before HS vs. after HS for heterophils (%) was P = 0.069. In the DEB 360 column, level of significance for before HS vs. after HS for H/ L ratio was P = 0.056. and compensatory mechanisms attempted to maintain the acid-base homeostasis as blood pH increased ( Figure  2 ). Exposure to heat stress caused an increase in respiratory rate (panting) and resulted in reductions in blood pCO 2 (Table 4) in agreement with findings of Linsley and Burger (1964) , Raup and Bottje (1990) , and Macari et al. (1994) .
The DEB 360 grower diet with the highest NaHCO 3 concentration (1.99%) and containing KHCO 3 (0.30%) elevated blood pH under thermoneutral conditions prior to the heat stress regimen (Figure 2) . After heat stress, Means of treatments after heat stress without a common letter differ (P < 0.01). *Before and after heat stress effects differ (P < 0.01).
although blood pH did not differ by DEB treatments (Figure 1 ), birds given DEB 240 diets had lower rectal temperatures than those on DEB 360 diets; birds on DEB 0 and 120 diets were intermediate (Figure 2 ). In the DEB 120 treatment, there were longer times to panting and prostration than in the DEB 240 treatment (Figure 3) , with DEB 0 and 240 intermediate. The BEecf was not significantly affected either by heat stress or the DEB ratio (Figure 4 ), but BEecf was lower at each DEB level during heat stress. Mongin (1981) proposed that DEB of 250 mEq/kg was optimal for chickens based on the importance of the Na + + K + − Cl − mEq/kg ratio in the regulation Means of treatments before heat stress without a common superscript differ (P < 0.05). *Before and after heat stress means differ (P < 0.05). of acid-base balance and actual experiments with dietary electrolytes for chicks. In the study reported herein, under thermoneutrality birds receiving DEB 120 or 240 mEq/ kg of feed were closest to the optimal acid-base balance (BEecf = 0). As shown in Figure 3 , the DEB 120 mEq/kg , mEq/kg) on blood base excess (BEecf). There were no significant (P < 0.05) differences among treatments due to dietary electrolyte balance before or after heat stress.
treatment was best for all measurements including time to panting, time to prostration from 37°C, and time to prostration from 24°C, thus disagreeing with Mongin (1981) in this heat stress situation.
The heterophil:lymphocyte ratio significantly rose from 0.62 to 1.23 after exposure to heat stress (Table 5 ). This corroborated the findings of Zulkifli and Siegel (1995) and Borges (1997) and reinforced the hypothesis that this ratio could be used as an indicator or index of stress. However, no effect of DEB level was found on the heterophil:lymphocyte ratio. The actual levels of heterophils and lymphocytes per unit volume of blood were not determined. It may be concluded from these results that, in addition to the negative impact on broiler chicken performance, exposure to heat stress causes the immune response to be depressed, thus increasing the susceptibility of flocks to disease challenges.
In summary, heat stress increased body temperature, panting (respiratory rate), blood pH, and heterophil:lymphocyte ratio and decreased blood Na, K, pCO 2 , and HCO 3 − , characterizing a status of respiratory alkalosis. The blood heterophil:lymphocyte ratio was a good indicator of heat stress because it increased when broilers were subjected to heat challenge. Blood glucose increased and hemoglobin decreased after heat stress; differences before and after heat stress approached statistical significance. The times to reach panting and heat prostration were lengthened with the DEB 120 treatment, which had results significantly different than DEB 360. After heat stress, the DEB 240 diets resulted in the highest pCO 2 level, an important factor during loss of CO 2 from the body due to panting. The highest DEB level of 360 increased blood pH before and after heat stress, but under heat stress it actually increased body temperature and shortened the time to panting and prostration.
